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The L1 region of bovine adenovirus (BAdV)-3 encodes a non-structural protein designated 52K. Anti-
52K serum detected a protein of 40 kDa, which localized to the nucleus but not to the nucleolus in
BAdV-3-infected or transfected cells. Analysis of mutant 52K proteins suggested that three basic
residues (105RKR107) of the identiﬁed domain (amino acids 102GMPRKRVLT110) are essential for nuclear
localization of 52K. The nuclear import of a GST-52K fusion protein utilizes the classical importin a/b-
dependent nuclear transport pathway. The 52K protein is preferentially bound to the cellular nuclear
import receptor importin a3. Although deletion of amino acid 102–110 is sufﬁcient to abrogate the
nuclear localization of 52K, amino acid 90–133 are required for interaction with importin-a3 and
localizing a cytoplasmic protein to the nucleus. These results suggest that 52K contains a bipartite NLS,
which preferentially utilize an importin a3 nuclear import receptor-mediated pathway to transport
52K to the nucleus.
& 2012 Elsevier Inc. All rights reserved.Introduction
Bovine adenovirus (BAdV)-3, a member of the Mastadenovirus
genus, is being developed as a vector for vaccination of animals
and humans (Rasmussen et al., 1999; Zakhartchouk et al., 1999).
Earlier, determination of the genome sequence and transcrip-
tional map (Reddy et al., 1998) suggested that the BAdV-3
genome is organized into early, intermediate, and late regions.
The late genes are all expressed from the major late promoter
(MLP) and are grouped into seven families (L1–L7) based on the
usage of polyadenylation sites. Although the genome organization
appears to be similar to human adenovirus (HAdV)-5, recent
studies have identiﬁed distinct features of BAdV-3 (Bangari
et al., 2005; Idamakanti et al., 1999; Reddy et al., 1998; Xing
and Tikoo, 2003, 2006, 2007).
The L1 region of HAdV-5 encodes a non-structural protein
named 52/55K (Lucher et al., 1986), which is expressed as two
differentially phosphorylated forms of a 48 kDa precursor (Hasson
et al., 1992; Lucher et al., 1986). The 52K protein is involved in
packaging of adenovirus DNA (Gustin and Imperiale, 1998;
Hasson et al., 1989). The N-terminal half of the 52K protein
mediates serotype speciﬁcity for packaging of the viral genomell rights reserved.
iversity of Saskatchewan, SK,into the capsid (Wohl and Hearing, 2008). Although the 52K
protein is predominantly localized in the nucleus of infected cells
(Hasson et al., 1992; Lucher et al., 1986), the molecular mechan-
ism involved in nuclear localization is not known.
Protein entry into the nucleus is regulated by the nuclear pore
complexes (NPCs), which are embedded in the nuclear membrane
and form a channel through which regulated transport in and out
of the nucleus can occur (Lim et al., 2008). Proteins larger than
40 kDa cross the NPC (Lim et al., 2008) only after interaction of
a nuclear localization signal (NLS) with one or more soluble
transport receptors (Kalderon et al., 1984; Robbins et al., 1991).
Classical NLSs contain one or two clusters of basic amino acids,
however a growing number of non-classical NLSs that do not ﬁt
this consensus have been identiﬁed (Christophe et al., 2000).
The majority of protein trafﬁcking into and out of the nucleus
is dependent on the cellular GTPase Ran and soluble transport
receptors such as importin a and importin b (Fried and Kutay,
2003). However, some proteins can bind to importin b without
importin a (Palmeri and Malim, 1999; Truant and Cullen, 1999) or
to receptors such as transportin (Pollard et al., 1996) for nuclear
import. While these mechanisms are still Ran-dependent,
Ran-independent nuclear import mechanisms such as calcium-
dependent calmodulin-mediated (Hanover et al., 2009) or nucleo-
porin-mediated (Michael et al., 1997; Tsuji et al., 2007) have also
been reported.
Homologs of 52K have been identiﬁed in other members of the
Mastadenovirus genus including BAdV-3 (Davison et al., 2003;
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BAdV-3 encodes the 52K protein (Reddy et al., 1998), which is
collinear with 52K of HAdV-5. Since BAdV-3 52K shows 56.8%–
61.6% amino acid sequence homology to 52K proteins of other
Mastadenoviruses (Reddy et al., 1998), we sought to characterize
this protein. Here, we report the characterization and identiﬁca-
tion of pathway(s) mediating nuclear localization of the BAdV-3
52K protein.Results
Identiﬁcation of 52K open reading frame
Earlier, we reported that the BAdV-3 52K ORF spans nucleotides
9988 to 10,983 and encodes a protein of 331 amino acids (Reddy
et al., 1998) (Genbank Accession no. AF030154). However, resequen-
cing of the region of the BAdV-3 genome containing the 52K ORF
revealed an error in the published sequence with a missing base
at position 10,918 (GenBank Accession no AF030154). The published
sequence 10915CGTTCG10921 should actually read 10915CGTCG10920.
The new open reading frame ends at nucleotide 11,101
(11098ATGAGT11103; underlined bases represent 52K stop codon;
numbering based on the uncorrected Genbank sequence) and
encodes a protein 370 amino acids long. This error in the published
sequence explains why Reddy et al. (1998) noted that the predicted
BAdV-3 52K protein had a large C-terminal deletion compared to the
52K proteins of other adenoviruses. The revised BAdV-3 52K protein
sequence is similar in length and shares a high degree of identity
(50%–60%) with the 52K proteins of encoded by other members of
Mastadenoviruses.
Expression of 52K during BAdV-3 infection
To identify and characterize 52K protein, anti-52K serum was
produced by immunizing rabbits with 500 mg of afﬁnity puriﬁed
glutathione-S-transferase (GST)-52K fusion protein expressing
N-terminus amino acids 29–133 of 52K. Sera collected after the–52K
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Fig. 1. Expression of 52K during BAdV-3 infection in bovine cells. Proteins from the
infection (A) at various times post infection (B) were separated by 10% SDS-PAGE, tran
position of molecular weight standards is indicated (in kDa) on the left of the panel. Th
with BAdV-3 (panels a–d) or transfected with a plasmid pcDNA.52K expressing 52K (pa
52K protein was visualized by indirect immunoﬂuorescence (panels a, e) using anti-52K
immunostaining with a mouse anti-nucleolin antibody and Cy3-conjugated goat anti-
10 mm. (D) COS7 cells were transfected with plasmid pEYFPN1 (panels a–c) or pEY.52K (
DAPI (panels b, e). A merge is shown in panels c and f. Bars, 20 mm.ﬁnal boost was analyzed by Western blot. Anti-52K serum
recognized a protein of 40 kDa in lysate from BAdV-3-infected
Madin Darby bovine kidney (MDBK) cells (Fig. 1A). No such
protein could be detected in mock infected MDBK cells (Fig. 1A).
Expression of 52K could be detected at 24–72 h post-infection but
not at 12 h post-infection (Fig. 1B) of MDBK cells.Subcellular localization of 52K protein
To determine the intracellular distribution of 52K, MDBK cells
were infected with BAdV-3 and examined by indirect imuno-
ﬂuorescence staining using anti-52K serum. At 24 h post-infec-
tion, 52K predominantly localizes in the nucleus of infected cells
(Fig. 1C, panels a–d). Dual-label imunoﬂuorescence using anti-
52K serum and mouse anti-nucleolin antibody (Stressgen) sug-
gested that 52K does not localize to the nucleolus of infected cells.
To determine if the nuclear localization of 52K was dependent on
another viral protein, COS7 cells transfected with plasmid
pcDNA.52K (Fig. 2) were examined by indirect immunoﬂures-
cence using anti-52K serum. As in BAdV-3-infected cells (Fig. 1C,
panels a–d), 52K protein predominantly localized in the nucleus
but not in the nucleolus of transfected cells (Fig. 1C panels e–h),
indicating that its nuclear localization is not dependent on any
other viral protein.
Since proteins of 40 kDa or less in size can diffuse passively
into the nucleus (Lim et al., 2008), we fused the coding sequence
of 52K in frame to the gene encoding enhanced yellow ﬂuorescent
protein (EYFP) (Fig. 2A). The expected size of this 52K-EYFP fusion
protein (70 kDa) should prevent passive diffusion into the
nucleus, and therefore any nuclear accumulation should be due
to active transport by soluble receptors. COS7 cells were trans-
fected with individual plasmid DNA, stained with DAPI and
analyzed by direct ﬂuorescence. As seen in Fig. 1D, while EYFP
expressed alone is dispersed throughout the cell, the EY-52K
fusion protein predominantly localizes in the nucleus of trans-
fected cells. These results suggest that 52K contains an NLS that
mediates its active transport into the nucleus.a b c d
e f g h
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Fig. 2. Schematic representation of BAdV-3 52K. (A) The number above denotes the amino acid number in the 52K protein sequence. Thick box represents BAdV-3 DNA;
hollow box represents EYFP DNA. Thin black lines represent deleted regions. The name of the plasmid is on the left and the name of the protein is on the right. (B) The
number denotes the amino acid number in the 52K protein sequence. GFP DNA (ﬁlled with lines); bGal DNA (ﬁlled with dots); thick black line represents BAdV-3 DNA. The
stars denote the changed amino acids. The name of the plasmid is on the left and the name of the protein is on the right.
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To identify the nuclear localization signal(s), a panel of
plasmids encoding mutant 52K containing internal deletions
covering the entire 52K ORF were constructed and individually
fused in frame to the gene encoding EYFP (Fig. 2A). The COS7 cells
transfected with individual plasmid DNA were examined by
direct ﬂuorescence. As seen in Fig. 3, all mutant 52K proteins
but one localized predominantly in the nucleus of transfected
COS7 cells. In contrast, mutant 52K containing a deletion of amino
acids 90–134 showed granular distribution and predominantly
localized to the cytoplasm of the transfected cells. These results
suggested that the 52K NLS is localized between amino acids 90–
134. Analysis of amino acids 91–133 of BAdV-3 52K did not reveal
the presence of any classical NLSs (Kalderon et al., 1984; Robbins
et al., 1991). However, two a-helixes (amino acids 87–99 and
amino acids 125–134) and a cluster of three basic residues was
detected between amino acids 104–108, which could contain a
NLS (Christophe et al., 2000). The plasmids encoding mutant 52K
containing a deletion of amino acids 87–99 (52KD3.1), amino
acids 125–134 (52KD3.3) or amino acids 103–110 (52KD3.2) were
constructed and individually fused in frame to the gene encoding
EYFP (Fig. 2A). The distribution of the mutant proteins was
examined by direct ﬂuorescence in COS7 cells transfected with
individual plasmid DNA. As seen in Fig. 3, deletion of amino acids
87–99 (52KD3.1) or amino acids 125–134 did not alter the
nuclear localization of 52K. However, deletion of amino acids
102–110 containing basic residues 105RKR107 localized 52K pre-
dominantly in the cytoplasm. To determine the role of the basic
residues in localizing 52K to the nucleus, we simultaneously
substituted the three basic residues 105RKR107 with three gluta-
mic acid residues (105EEE107) in the sequence, creating plasmidpEY.52KΔ1
pEY.52KΔ2
pEY.52KΔ3
pEY.52KΔ4
pEY.52KΔ5
pEY.52KΔ6
pEY.52KΔ7
pEY.52KΔ8
Fluorescence DAPI Merge
p
pN
pNL
Fig. 3. Intracellular localization of mutant 52K proteins. COS7 cells transfected with plas
NLS fused to GFPbGal were visualized directly under a ﬂuorescent microscope 48 h after
is shown. Localization of 52K proteins depicted in different panels is representative ofpEY.52KNLSm (Fig. 2B). As seen in Fig. 3 the mutant protein
52KNLSm encoded by plasmid pEY.52KNLSm was localized pre-
dominantly in the cytoplasm of transfected cells. This demon-
strates that amino acids 102–110 of 52K act as an NLS and that
the basic residues at positions 105, 106, and 107 are essential for
its function.
To determine if amino acids 102–110 containing basic residues
are sufﬁcient to direct nuclear import of a heterologous protein,
the sequence 102GMPRKRVLT110 was fused in frame to the
N-terminus of a green ﬂuorescent protein-beta galactosidase
(GFPbGal) fusion protein (Wu et al., 2004) to produce chimeric
NLS-GFPbGal (Fig. 2B). As expected, GFPbGal protein (Wu et al.,
2004) localized predominantly in the cytoplasm of transfected
cells (Fig. 3). Interestingly, NLS-GFPbGal fusion protein containing
the putative 52K NLS also localized predominantly in the cyto-
plasm (Fig. 3) of transfected cells, suggesting that while the
sequence 102GMPRKRVLT110 is essential for nuclear import of
52K, it is not sufﬁcient to direct nuclear import of a cytoplasmic
protein. In contrast, fusion protein NLS-GFPbGal1 (Fig. 2B) con-
taining amino acid 90–133 of 52K fused to N-terminus of green
ﬂuorescent protein-beta galactosidase (GFPbGal) fusion localized
predominantly in the nucleus (Fig. 3) of transfected cells suggest-
ing that amino acid 90–133 of 52K containing putative NLS are
sufﬁcient to direct the nuclear import of a cytoplasmic protein.
In vitro nuclear import of 52K
To investigate the pathway by which 52K is imported into the
nucleus, we used an in vitro nuclear import assay with digitonin
permeabilized cells (Adam et al., 1990). Initially, the assay was
established by visualizing the nuclear import of a GST-NLS-GFP
fusion protein (containing GST, the well-characterized NLS of thepEY.52KΔ3.1
pEY.52KΔ3.2
pEY.52KΔ3.3
Fluorescence DAPI Merge
EY.52KNLSm
pGFPβGal
LS-GFPβGal
S-GFPβGal1 
mids encoding mutant BAdV-3 52K protein fused to EYFP or plasmid encoding 52K
transfection. Nuclei were stained with DAPI. The merger of EYFP and DAPI staining
protein distribution observed in 80%–90% of the analyzed cells. Bars 20 mM.
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by direct ﬂuorescence (Fig. 4A). In the presence of complete
transport mix, puriﬁed GST-NLS-GFP accumulates in the nucleus
(Fig. 4A, panel a). The nuclear import of GST-NLS-GFP was depen-
dent on cytosolic factors, since omitting the rabbit reticulocyte
lysate from the assay abolished nuclear import (Fig. 4A, panel b).
Moreover, absence of the ATP regenerating system (Fig. 4A, panel c)
also inhibited nuclear import of GST-NLS-GFP, showing that the
import is energy-dependent. A dominant-negative mutant of Ran
(RanQ69L) that is unable to hydrolyze GTP to GDP also blocked
nuclear import of GST-NLS-GFP (Fig. 4A, panel d). Addition of wheat
germ agglutinin (WGA), which binds to the nuclear pores and blocks
protein transport through the NPC, prevented fusion protein GST-
NLS-GFP from entering the nucleus (Fig. 4A, panel e). Similarly,
carrying out the import reaction at 4 1C (Fig. 4A, panel f) also
inhibited nuclear import of GST-NLS-GFP, showing that the import is
temperature-sensitive. As expected (Yokoya et al., 1999), nuclear
import of GST-NLS-GFP fusion protein occurs through the nuclear
pore complex and is dependent on cytosolic factors, the small
GTPase Ran, ATP, and temperature.
Next, we examined the nuclear import of the GST-52K fusion
protein using the in vitro nuclear import assay in digitonin
permeabilized cells by indirect immunoﬂuorescence using anti-
52K serum (Fig. 4B). In the presence of cytosolic factors, puriﬁed52K/Cy3 DAGFP DAPI Merge
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Fig. 4. In vitro nuclear import assays. MDBK cells were permeabilized with digitonin a
(panels a, b, c, d, e, f, g, h, i). Import reactions were carried out in the presence (panel a) o
(panel c), in the presence of the dominant negative mutant RanQ69L (panel d), in the p
the presence of inhibitory peptides SR (panel i) IBB Impa (panel g) or Ycbp80 (panels h
factors or ATP was carried out in the absence (–TX100; panel a) or presence (þTX100GST-52K protein accumulates in the nucleus (Fig. 4B, panel a).
In the absence of cytosolic factors, its nuclear import is comple-
tely inhibited (Fig. 4B, panel b). Performing the import reaction in
the absence of ATP (Fig. 4B, panel c) also inhibited nuclear
accumulation of GST-52K. The presence of RanQ69L (a Ran
mutant deﬁcient in GTP hydrolysis) appeared to have inhibitory
effect on GST-52K nuclear import (Fig. 4B, panel d). The addition
of wheat germ agglutinin (Fig. 4B, panel e) or performing import
reaction at 4 1C (Fig. 4B, panel f) completely blocked the nuclear
import of GST-52K.
Interaction of 52K with transport receptors in vitro
In mammals, nuclear import of proteins is largely mediated by
importin a and importin b (Fried and Kutay, 2003). Since the
nuclear import of 52K appears to be largely dependent on active
transport mediated by importin a/importin b, we wished to
determine if the interaction between 52K and import receptors
was direct. GST fusions of importin a1, importin a3, importin a5,
importin a7, importin b1, and transportin-3 were puriﬁed
(Fig. 5A) and used individually with radiolabeled 52K in a pull
down assay. As seen in Fig. 5B GST-importin a3 was able to bind
radiolabeled 52K. Reduced binding was also observed with GST-
importin a5. No such binding was observed when puriﬁed GSTPI Merge
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resence of wheat germ agglutinin (WGA) (panel e), incubation at 4 1C (panels f), in
). Bars, 20 mM. (C) A nuclear import assay using GST-52K without soluble cytosolic
; panel b) of 0.5% Triton-X-100 to permeabilize the nuclear envelope. Bars 20 mM.
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transportin-3 bound to glutathione-Sepharose beads were used to
pull down radiolabeled 52K. This suggests that 52K is imported by
the importin a/b pathway, with speciﬁcity for importin a3.
Like 52K (Fig. 5B), GST-importin-a3 was able to bind (Fig. 5C)
radiolabelled mutant 52KD7 (Fig. 2A) containing deletion of amino
acid 262–314. However, no such binding (Fig. 5C) was observed when
GST-importin a3 fusion bound to glutathione-Sepharose beads were
used to pull down mutant 52KD3 (Fig. 2A) containing deletion of
amino acid 91–133. Interestingly, GST-importin a3 was able to bind
radiolabelledmutant 52KD3.2 containing deletion of amino acid 102–
110 (Fig. 5C). Moreover, GST-importin a3 was able to bind (Fig. 5D) to
radiolabelled EYFP fused to amino acid 87–131 (52KbNLS-EYFP;
Fig. 2B) but not to wild-type EYFP (EYFP; Fig. 2B).
Speciﬁc peptide inhibitors known to block nuclear import
using the importin-a/b (Go¨rlich et al., 1996a,b) or transportin-3
(Lai et al., 2001) import pathway were used to further character-
ize the nuclear import pathway of 52K. A 41-amino acid peptide
from the N-terminus of importin a that corresponds to its
importin b binding (IBB) domain (Go¨rlich et al., 1996a) competes
for binding to importin b, and thus should inhibit importin a/b-
mediated nuclear import. As expected (Welch et al., 1999),
addition of the IBB peptide to the in vitro nuclear import reactionIVTT 52K    - +           +               +              
GST-Fusion - - GST-α1 GST-α 3 G
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Fig. 5. In vitro interaction of 52K with transport receptors. (A) Coomassie blue stain
separated by 10% SDS-PAGE and stained with 0.25% coomassie blue stain. (B) GST fusi
were incubated with in vitro transcribed and translated, [35S]-labeled 52K and pulled do
or GST alone were incubated with in vitro transcribed and translated [35S]-labeled 52KD
alone were incubated with in-vitro transcribed and translated [35S]-labeled EYFP or 52
PAGE and visualized using a phosphor screen. 10% of the input [35S]-protein was run ainhibited nuclear import of GST-NLS-GFP (Fig. 4A, panel g).
Similarly, addition of the IBB peptide to the in vitro nuclear
import reaction inhibited nuclear import of GST-52K (Fig. 4B,
panel g). Another peptide corresponding to the importin a-
binding domain of the yeast cap binding protein 80 (Ycbp80)
also acts as an inhibitor of importin a mediated nuclear import
(Go¨rlich et al., 1996b). As expected (Welch et al., 1999), addition
of Ycbp80 peptide in the nuclear import assay completely
inhibited nuclear import of GST-NLS-GFP (Fig. 4A, panel h).
Similarly, addition of Ycbp80 peptide in the nuclear import assay
inhibited nuclear import of GST-52K (Fig. 4B, panel h). The SR
peptide blocks transportin-3 mediated nuclear import of proteins
(Lai et al., 2001). Addition of SR peptide to the in vitro nuclear
import reaction showed no effect on the nuclear transport of GST-
NLS-GFP (Fig. 4A, panel i) or GST-52K (Fig. 4B, panel i).
BAdV-3 52K binds to nuclear components
Several proteins have been identiﬁed that are able to diffuse
passively across the nuclear pore and accumulate in the nucleus
by binding to nuclear components (Efthymiadis et al., 1998;
Ghildyal et al., 2005; Hearps and Jans, 2006). To determine if
52K is capable of accumulating in the nucleus by binding to    +               +           +                +  +   
ST-α5 GST-α7  GST-β1 GST-Tran GST alone
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- - - -
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- - + +
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ing of puriﬁed GST-importin fusion proteins. Puriﬁed GST fusion proteins were
ons of importin a1, a3, a5, a7, importin b1 or transportin-3 along with GST alone
wn with glutathione sepharose beads. (C). Puriﬁed GST importin a3 fusion protein
3, 52KD3.2 or 52KD7 proteins. (D) Puriﬁed GST importin a3 fusion protein or GST
KbNSL-EYFP proteins. Samples from (B), (C) and (D) were separated by 10% SDS-
s a control.
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presence of nuclear envelope permeabilizing detergent Triton
X-100. Treatment of cells with Triton X-100 will eliminate the
barrier between the nucleus and the cytoplasm, leading to even
distribution of protein throughout the cell. Nuclear accumulation
of protein will occur if a protein interacts with nuclear compo-
nents. GST-52K accumulated predominantly in the nucleus of
Triton X-100 (0.5%) treated cells (Fig. 4C). No nuclear accumula-
tion of GST-52K was observed in the absence of Triton-X-100
(0.5%) treatment (Fig. 4C). This suggests that GST-52K is able to
accumulate in the nucleus independently of soluble transport
factors by binding to nuclear components.Discussion
Members of all adenovirus genera encode a positional homo-
log of 52K (Davison et al., 2003) suggesting that this protein has
an essential function in adenovirus replication. Mutant adeno-
viruses containing a deletion of the 52K gene form only capsids
which are devoid of full length genomic DNA, suggesting that 52K
is involved in the packaging of the adenovirus genome (Gustin
and Imperiale, 1998). However, the exact mechanism regarding
the involvement of 52K in this process is not clear. Although the
52K proteins encoded by different adenoviruses including BAdV-3
share 50%–60% amino acid sequence similarity, the 52K protein
has been suggested to determine the serotype speciﬁcity of
adenovirus DNA packaging (Wohl and Hearing, 2008). The experi-
ments presented in this study were designed to characterize the
protein and determine the nuclear localization mechanism of 52K
of BAdV-3.
An earlier report suggested that mRNA of the BAdV-3 52K
protein is predicted to encode a protein of 331 amino acids.
However, a sequencing error discovered in the published BAdV-3
sequence (Reddy et al., 1998) revealed that the 52K open reading
frame actually encodes for a protein of 370 amino acids. A protein
of 40 kDa is detected in BAdV-3 infected cells, which is consistent
with the calculated mass (40.8 kDa) of the 52K protein. The 52K
protein is localized predominantly in the nucleus of BAdV-3-
infected cells.
While water, ions, and small proteins (less than 40 kDa) can
diffuse freely between the nucleus and the cytoplasm through
NPCs (Lim et al., 2008), the transport of larger molecules is
primarily energy-dependent and regulated by the NPCs (Lim
et al., 2008). Proteins to be transported into the nucleus may
contain classical nuclear localization signals (NLSs), which consist
of a single stretch of basic amino acids (e.g. SV40 T antigen) or a
bipartite NLS consisting of two clusters of basic amino acids
separated by a linker of ten amino acids (e.g. nucleoplasmin)
(Kalderon et al., 1984; Robbins et al., 1991), or non-classical NLSs
that do not ﬁt this consensus (Christophe et al., 2000). It is clear
that active transport of proteins to the nucleus requires an NLS.
The nuclear localization of 52K in the absence of other viral
proteins suggested that the protein contains at least one NLS.
Analysis of mutant BAdV-3 52K proteins suggested that amino
acids 102GMPRKRVLT110 contain a potential NLS. Interestingly,
mutation of three basic residues (105RKR107) to acidic residues
(105EEE107) abolished nuclear import, indicating that these resi-
dues are essential for nuclear localization of 52K. However,
residues 102GMPRKRVLT110 were not sufﬁcient to direct nuclear
import of a predominantly cytoplasmic fusion protein (GFPbGal).
It is possible that the conformation of the NLS within 52K is
important. It has been shown that protein context can modulate
NLS speciﬁcity. Exchanging the NLSs of RCC1 and nucleoplasmin
(which bind preferentially to importin a3 and several different
importins, respectively) does not confer importin-bindingspeciﬁcity (Friedrich et al., 2006). It is also possible that residues
upstream or downstream of this motif are required for efﬁcient
nuclear import of protein. Although deletion of the C-terminal
8 residues containing a cluster of basic amino acids abolishes the
nuclear import of DNA helicase Q1 (Seki et al., 1997), upstream
sequences are required for it to be bound by importin a3
(Miyamoto et al., 1997). Indeed, amino acid 90–133 of 52K
containing putative NLS could efﬁciently transport a predomi-
nantly cytoplasmic fusion protein (GFPbGal) to the nucleus of
transfected cells suggesting that sequences ﬂanking to putative
NLS may be important for efﬁcient nuclear transport of 52K.
An in vitro nuclear import assay showed that 52K nuclear
import could be reconstituted using rabbit reticulocyte lysate as a
source of cytosolic proteins. The absence of soluble cytoplasmic
factors, an ATP regenerating system, and performing the nuclear
import reaction at 4 1C or in the presence of WGA completely
inhibited the nuclear accumulation of GST-52K. These results
suggested that the nuclear import of 52K involves nuclear pores,
is receptor-mediated and utilizes a Ran-dependent pathway
requiring energy and ATP. Interestingly, all nuclear import path-
ways including importin a/b- and transportin-3-mediated path-
ways are functional under these conditions. Several lines of
evidence suggest that nuclear import of the 52K protein primarily
uses an importin a-dependent pathway. First, a peptide contain-
ing the importin a-binding region of Ycbp80 (Go¨rlich et al.,
1996b), which competes for binding to importin a, completely
inhibited nuclear import of 52K. Secondly, a peptide containing
the IBB domain of importin a (Go¨rlich et al., 1996a), which
inhibits binding of importin a to importin b, completely inhibits
nuclear transport of 52K. Thirdly, an SR1 peptide (Lai et al., 2001),
which acts as an inhibitor of transportin-3 mediated nuclear
import, did not affect the nuclear import of 52K. Taken together,
these results suggest that nuclear import of 52K is largely
mediated by a classical importin a/b-dependent pathway.
So far six distinct importin a isoforms have been identiﬁed in
mammals, which show variable afﬁnity to a particular protein
(Ko¨hler et al., 1999). These importins possess ten related arma-
dillo (ARM) repeats, which bind to the NLS of a protein (Conti
et al., 1998; Fonte et al., 2000). Protein-bound importin-a binds
with importin b to form an import-competent complex (Gorlich
et al., 1995). An in vitro binding assay conﬁrmed our earlier
observation of 52K binding to importin a and suggest preferential
binding of 52K to importin a3. Interestingly, amino acid 90–133,
which efﬁciently transports a cytoplasmic protein to the nucleus
of transfected cell also efﬁciently binds to importin-a3. In con-
trast, amino acid 102–110 containing putative NLS neither is able
to transport a cytoplasmic protein to the nucleus nor is sufﬁcient
to bind importin-a3. These results suggest that 52K contains a
bipartite NLS, where NLS (amino acid 102–110) appears essential
for nuclear transport of 52K but is not sufﬁcient for interaction
with importin a3.
Interestingly, permeabilization of the nuclear envelope with
detergent permitted 52K to accumulate in the nucleus. This
suggests that 52K is able to enter the nucleus independently of
soluble factors or ATP by diffusing through the nuclear pore and
binding to nuclear components. The size of 52K is close to the
threshold for diffusion across the nuclear pore (Lim et al., 2008).
It therefore appears that nuclear import of 52K can be mediated
by recognition of its bipartite NLS by importin a3 and a classical
importin a/b import pathway, but that 52K can also accumulate
in the nucleus by passive diffusion and binding to nuclear
components. This is similar to the nuclear import of the matrix
protein of respiratory syncytial virus (Ghildyal et al., 2005) and
the integrase protein of HIV-1 (Hearps and Jans, 2006), which
both use importin a/b import pathways but are capable of
accumulating in the nucleus independently of soluble factors.
Table 1
Primers used for PCR.
Primer name Sequence
CP1 50-GAATTCATGCATCCCGCTTTACGGCAAATG-30
CP2 50-GGATCCACTCATTCGTCGACTTCAT-30
D1F 50-AGAATTCATGCTGTACGCGCACCCGGACAC-30
D2F 50-tgcggcgagaaggccggtcgg-30
D2R 30-ccacagctcacgccgctcttccggcca-50
D3F 50-gggagccgagtgcgggcttacgagcaaac-30
D3R 30-cttgggcttccctcggctcacgcccga-50
D4F 50-gcccacatgggcagcaagacccttacg-30
D4R 30-gagtcggtttcgggtgtacccgtcgttc-50
D5F 50-gcatacgcgcagtccattgtggtgcaagag-30
D5R 30-gaaacgcctccgtatgcgcgtcaggtaa-50
D6F 5’-gagggacgatttgtgccgcttgacaaggag-30
D6R 30-gtatcgtctcgggctccctgctaaacacggc-50
D7F 50-gcccgcaaggcggagctgctgttcaacc-30
D7R 30-gtttgtaatacgggcgttcactgtgcaca-50
D8R 50-Tctcccgacgcctgcctatgc-30
D3.1F 50-gaggaacccgccggaatgccccgaaagcg-30
D3.1R 30-ctggcgtcgcccctccttgggcggccttac-50
D3.2F 50-ttgcgcgccgaaggggactttgaggtggat-30
D3.2R 30-cggccagctgtcaacgcgcggcttcccctg-50
D3.3F 50-ggcatcagccgggcgtacgagcaaacggtg-30
D3.3R 30-cctactcgcgtgaccgtagtcggcccgcatg-50
CP3 50-attcgtcgacttcatcgtcc-30
NLSmF 50-tgcccgaagaggaggtgctgaccgaaggggactttgagg-30
NLSmR 30-cagccgtcaacgcgcggccgtacgggcttctcctccacg-50
CP4 50-ATGGCTAGCGGCATGCCCCGAAAGCGGGTGCTGACCAAAGGA
GAAGAACTCTTCACTGGAGTTGTCCCAATTC-30
CP5 50-AGCACGTGTCTTGTAGTTGCCGTCATC-30
CP6 50-TCCCCGCGGATGAGCCGAGACCTAAAGTACAAG-30
CP7 50-CTTTGCTAGCTAGATCGGCCGCCTCCATGTG-30
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Cell lines and viruses
MDBK cells were propagated in minimal essential medium
(MEM; Gibco) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; SeraCare Life Sciences, Inc.). COS7 cells were
propagated in Dulbecco’s modiﬁed Eagle’s medium (DMEM;
Gibco) supplemented with 10% FBS. Wild-type BAdV-3 (WBR-1
strain) was propagated in MDBK cells in MEM supplemented with
2% FBS (Reddy et al., 1999).
GST fusion protein
A 312-base pair HincII-EagI fragment of 52K corresponding to
amino acids 29–133 (nucleotides 10,072–10,384 of the BAdV-3
genome, Genbank AF03014) was ligated to SmaI-EagI-digested
plasmid pGEX-5x-2 (GE Healthcare) downstream and in
frame with glutathione-S-transferase (GST) creating plasmid
pGEX.52K(N). The translation frame of the fusion protein was
veriﬁed by DNA sequencing. The plasmid pGEX.52K(N) DNA was
transformed into Escherichia coli BL21 cells. Expression of the
GST-52K(N) fusion protein was induced by the addition of 0.1 mM
isopropyl-b-D-thiogalactopyranoside (IPTG) and puriﬁed using
glutathione sepharose columns (GE Healthcare) as per the man-
ufacturer’s instructions. The purity of the eluted protein was
conﬁrmed by sodium dodecyl sulphate (SDS)-polyacrylamide gel
electrophoresis (PAGE). The proteins were separated by 10% SDS-
PAGE and the gel was stained for 15 min with Coomassie Blue.
Finally, the gel was destained with destaining solution [10% acetic
acid, 40% methanol] to visualize protein bands.
Immunization
Antibodies against the GST-52K(N) protein were raised by
subcutaneous immunization of rabbits with 500 mg of puriﬁed
GST-52K(N) emulsiﬁed in Freund’s complete adjuvant (Sigma).
Three boosts of 300 mg GST-52K(N) emulsiﬁed in Freund’s incom-
plete adjuvant (Sigma) were given at 21, 42, and 63 days post
immunization. Finally, serum was collected at day 74 of primary
immunization, aliquoted, and stored at 20 1C.
Western blotting
MDBK cells infected with BAdV-3 were harvested at the
indicated times post-infection and probed by Western blot using
anti-52K serum and alkaline phosphatase (AP)-conjugated goat
anti-rabbit IgG as previously described (Kulshreshtha et al., 2004).
Fluorescence microscopy
MDBK cells infected with BAdV-3 or COS7 cells transfected
with pcDNA.52K were ﬁxed and stained with protein-speciﬁc
antibodies (as indicated in the text and ﬁgures) and Cy2-con-
jugated goat anti-rabbit IgG and/or Cy3-conjugated anti-mouse
IgG as previously described (Kulshreshtha et al., 2004). COS7 cells
transfected with plasmids expressing EYFP or GFP fusion proteins
were ﬁxed 24 h post transfection with 3.7% paraformaldehyde in
PBS for 15 min, washed three times in PBS and stained with 2 mg/
mL DAPI.
Plasmid construction
The plasmids were constructed (Fig. 2) using standard pro-
cedures. The speciﬁc DNA fragments were ampliﬁed by PCR
using primers (Table 1) and speciﬁc plasmid DNAs. Two PCRfragments were mixed and a single DNA fragment containing
deletion was ampliﬁed by overlap PCR using speciﬁc primers
(Table 1). All deletion and sequence changes were veriﬁed by
DNA sequencing. Speciﬁc details of the construction can be
provided on request.Proteins and peptides for nuclear import assays
Plasmids encoding a fusion protein of glutathione-S-transfer-
ase, the nuclear localization signal of the simian virus 40 (SV40) T
antigen, and green ﬂuorescent protein (GST-NLS-GFP) and a
dominant negative mutant of Ran fused to GST (GST-RanQ69L)
were a gift from Dr. Y. Yoneda (Tachibana et al., 2000; Yokoya
et al., 1999). The plasmids were individually transformed into E.
coli BL21 cells and expressed and puriﬁed as previously described
(Imamoto et al., 1995). The plasmid pGEX.52K was transformed
into E. coli BL21 cells for expression. Protein expression was
induced by the addition of 0.1 mM IPTG for 3 h at 37 1C and
puriﬁed as previously described (Imamoto et al., 1995).
To conﬁrm expression and purity of the bacterially expressed
proteins, eluted protein was analyzed by SDS-PAGE and Western
blot. Eluted proteins were separated by 10% SDS-PAGE. The gel
was stained with Coomassie blue for 15 min then incubated with
several changes of destaining solution to visualize total protein.
In addition, proteins were analyzed by Western blot using goat
anti-GST antibody (Pharmacia) and AP-conjugated rabbit anti-
goat IgG (Jackson Immunoresearch).
The nuclear import inhibitory peptides corresponding to
amino acids 1–30 (MFNRKRR GDF DEDENYRDFRPRMPKRQRIP)
of the protein Ycbp80 (Go¨rlich et al., 1996b), amino acids 10–51
(RMRKFKNKGKDTAELRRRRVEVSVELRKAKKDEQILK RRNVC) of impor-
tin a (Go¨rlich et al., 1996a) and SR peptide (CGGGRKRRQRSRSRSR
SRSRSRSRSRRRR) (Lai et al., 2001) were synthesized using a Pioneer
Peptide Synthesis system (Perkin Elmer).
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In vitro nuclear import assays were carried out based on the
protocol of Adam et al. (1990). Brieﬂy, MDBK cells (70%–80%
conﬂuent) seeded onto glass coverslips were permeabilized with
digitonin (40 mg/mL; Calbiochem) in transport buffer (TB) [20 mM
HEPES (pH 7.3), 110 mM potassium acetate, 5 mM sodium acet-
ate, 2 mM magnesium acetate, 1 mM ethylene bis-(b-aminoethy-
lether)-N,N,N0,N-tetra-acetic acid (EGTA), 2 mM DTT, and 1 mg/mL
each of aprotinin and leupeptin], washed in TB, and inverted on
20 mL complete transport solution [ATP-regenerating system
(1 mM adenosine triphosphate (ATP), 5 mM creatine phosphate,
20 units/mL creatine phosphokinase), 500 ng of cargo protein
(GST-52K or GST-NLS-GFP), 50% rabbit reticulocyte lysate (Pro-
mega) in TB] for 20 min at 30 1C in a humidiﬁed chamber. In some
cells, wheat germ agglutinin (WGA) was added at 0.4 mg/mL in TB
for 10 min prior to incubation with complete transport solution.
The dominant negative mutant RanQ69L was pre-loaded with
2 mM guanosine triphosphate (GTP) for 1 h at 4 1C and added to
complete transport solution at a concentration of 25 mM. Inhibi-
tory peptides were added to complete transport solution at a
concentration of 1 mM (50-fold molar excess). After incubation
with the complete transport solution, cells were ﬁxed in 3.7%
paraformaldehyde for 15 min at room temperature. Cells incu-
bated with complete transport solution containing GST-NLS-GFP
were then mounted on slides in Vectashield (Vector Laboratories)
mounting reagent containing DAPI and visualized using Zeiss LSM
5 laser scanning con-focal microscope. Cells incubated with
complete transport solution containing GST-52K were permeabi-
lized using 0.5% Triton-X-100, then stained with anti-52K serum
and Cy2-conjugated goat anti-rabbit IgG (Jackson laboratories)
as previously described (Kulshreshtha et al., 2004) or Cy3-
conjugated goat anti-rabbit (Jackson immunoresearch Labs) and
visualized using Zeiss LSM 5 laser scanning con-focal microscope.
Puriﬁcation of nuclear import receptors
Plasmids encoding GST fusions of importin a1, importin a3,
importin a5, importin a7, or importin b were a gift from
Dr. M. Ko¨hler and have been previously described (Depping
et al., 2008). The plasmid pGST-TRN SR2 was a gift from Dr.
Woan-Yuh Tarn and has been previously described (Lai et al.,
2001). The plasmid pGEX-5x1 encoding GST was purchased from
GE Healthcare. The plasmids were individually transformed into
E. coli M15 (pRep4) cells (plasmids encoding GST fused to
importin a1, a3, a5, or a7), BL21 cells (plasmids encoding GST
alone or GST fused to importin b1, transportin-3) for expression.
Protein expression was induced by the addition of IPTG at a
concentration of 0.6 mM and incubated for 3.5 h at 37 1C. The GST
fusion proteins were harvested and puriﬁed as previously
described (Imamoto et al., 1995). Protein expression and purity
was conﬁrmed by SDS-PAGE and by Western blot using an anti-
GST antibody.
In vitro binding assay
GST-importin pull-downs were performed based on the pro-
tocol of Depping et al. (2008). Brieﬂy, GST or GST fusions of
importin a1, importin a3, importin a5, importin a7, importin b or
transportin-3 (16 mg per binding reaction) were individually
bound to 25 mL washed glutathione sepharose beads in IP buffer
for 6 h at 4 1C. Radiolabeled wild type or mutant 52K was
synthesized by in vitro transcription and translation of indicated
plasmid DNAs in the presence of [35S]-methionine (Perkin Elmer).
Fifteen mL of the radiolabeled translation mixture was added to
GST or individual GST-importin fusion proteins on glutathioneSepharose beads and incubated overnight at 4 1C. Beads were
washed four times in IP buffer. The bead bound proteins were
separated by 10% SDS-PAGE. The gel was ﬁxed in destain solution
containing 5% glycerol for 30 min and dried onto ﬁlter paper. The
gel was exposed to a phosphor screen (Kodak) overnight and
visualized on a BioRad Molecular Imager FX using Quantity One
software (BioRad).Acknowledgments
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